In a uniform magnetoplasma (nӍ10 11 cm Ϫ3 , kT e у0.5 eV, B 0 у15 G, 1 m ϫ 2.5 m͒, electrons are heated locally and temporally by applying a short current pulse to a loop antenna or disk electrode. Electron magnetohydrodynamics characterize the experimental conditions. After the end of the applied current pulse and whistler wave transients, a current system driven by temperature gradients remains embedded in the plasma. The current system exhibits helicity. The associated electron drifts convect heat out of the flux tube. From diamagnetic field measurements, the decay of the electron temperature is obtained with high sensitivity (⌬kT e Ӎ0.001 eV͒. The heat transport is inferred from the space-time dependence of the electron temperature. The temperature enhancement is confined to a channel whose length depends on heat input since the transport coefficients are temperature-dependent.
I. INTRODUCTION
Heat transport in magnetized plasmas is a topic of general interest in laboratory and space plasmas. For example, it plays a role in the energy confinement of fusion plasmas 1, 2 and the temperature distribution in the solar corona. 3 Magnetic helicity generation has been extensively studied in magnetohydrodynamic ͑MHD͒ plasmas, 4 -7 but is also a property of electron MHD ͑EMHD͒ plasmas. [8] [9] [10] The time scales in EMHD are such that only the electrons are magnetized while the ions are essentially stationary ( ce Ϫ1 Ӷ⌬tӶ ci Ϫ1 ). Maxwell's equations, combined with an Ohm's law dominated by Hall effects, lead to helicity in the perturbed magnetic field, ٌϫBϭB(r,t), and has been experimentally demonstrated for whistler wave pulses. [11] [12] [13] The present work elaborates on recent findings, 14 which indicate that a heat pulse can also generate magnetic fields with helicity. This effect can be thought of as the twisting of magnetic field lines by the nonuniform diamagnetic rotation of the electron fluid, analogous to helicity generation by footpoint motions in solar physics. 15 The electron currents convect heat along and across the ambient magnetic field, B 0 , hence play an important role in the transport. The heat transport is investigated through space-time measurement of the diamagnetic field. Due to high sensitivity (Ͻ10 Ϫ3 G͒, the electron temperature is obtained with unprecedented sensitivity (10 Ϫ3 eV͒. After an initial expansion of heat along the magnetic field during which the temperature rapidly decays, the isotherms are observed to become stationary. The length of the heated flux tube may be less than that of the plasma column, because cross-field heat losses may dominate over parallel heat losses. The volume-integrated heat decays an order of magnitude slower than the heat in the flux tube. The total heat deposited in the plasma is mainly generated in the antenna near-zone since it exceeds the whistler wave energy by one to two orders of magnitude.
Since the experimental setup has been described in the companion paper, 16 Sec. II begins with the experimental results on fields, currents, and heat transport. Section III concludes the findings and points out possible areas of relevance.
II. EXPERIMENTAL RESULTS
While the companion paper 16 focusses on the linearity of the whistler wave, the present work deals mainly with the heat pulse generated at high power levels. We start with the heating mechanism, followed by observations of heat expansion, self-consistent electric fields, currents and magnetic fields, establishment of the pressure balance, and heat transport. To establish the connection between the two papers, we first show in Fig. 1 the complete time history of one of the measured magnetic field components, B z (y,t), at zϭ5 cm from the loop antenna ͑4.5 cm diam, 2 turns, normal ʈB 0 ). The current pulse (Iр250 A, ⌬tӍ0.2 s͒ is applied at tϭ0 in a uniform argon afterglow plasma (t a Ӎ4 ms, n e ϭ2ϫ10 11 cm Ϫ3 , n/ٌ͉ Ќ n͉Ͼ3 m, kT e,0 Ӎ0.5 eV, B 0 ϭ15 G, p n ϭ0.4 mTorr, Ar͒. The large amplitude signal at early times is that of the excited whistler wave transient. Subsequently, the long-lasting response is a diamagnetic field caused by electron heating in the flux tube of the antenna. Due to the large dynamic range, the data has been taken at two different levels of sensitivity and overlapped at tϭ4.5 s. This avoids saturation of the peak values and minimizes digitization noise naturally produced by 8-bit digital oscilloscopes when recording weak signals. The droop of the probe signals, integrated with a resistor-capacitor circuit, has been digitally corrected. The field distribution for yϾ0 and yϽ0 is almost identical, indicating reasonable azimuthal symmetry, as expected from the geometry of the antenna. In time, the diamagnetic field decreases slowly due to axial and radial heat transport, the latter causing an observable radial expansion of the temperature profile. The density profile will be shown to remain uniform.
A. Heat pulse generation
Evidence for electron heating obtained from Langmuir probes, light emission, and collisional damping of test whistler waves is given in the companion paper. 16 Here we consider the heating mechanism. We first note that the observed heat cannot be accounted for by dissipation of the transient whistler wave. The total energy deposited in the heated flux tube ͑10 cm diam ϫ150 cm length, ͗⌬kT e ͘Ӎ2
eV at tϭ2 s͒ is ⌬QӍn⌬kT e r 2 lӍ750 J. In contrast, the whistler wave energy for ͗B Ќ,wave
cm/s, cross-section SӍ75 cm 2 , and ⌬tӍ0.5 s, is U wave Ӎ͐͐(EϫH)•dSdt Ӎ30 J, or 4% of ⌬Q. A more exact calculation, shown below, confirms that most of the heating must have been produced in the near-zone of the loop antenna (rр2r loop ϭ4.5 cm͒ where the imposed fields are an order of magnitude larger than the wave fields. 17 In order to investigate the heating mechanism, the temperature scaling with antenna current has been measured. If transport is neglected and the conductivity is assumed constant, the temperature should increase with the square of the plasma current, n⌬kT e ϰ E•JϭJ 2 /. However, ϰ T e 3/2 for Coulomb collisions, hence (T e,0 ϩ⌬T e ) 3/2 ⌬T e ϰ J 2 , where kT e,0 Ӎ0.5 eV is the ambient background temperature. For weak heating (⌬T e ӶT e,0 ), the temperature increases as ⌬T e ϰ J 2 while for strong heating (⌬T e ӷT e,0 ), ⌬T e ϰ J 4/5 . The plasma current is proportional to the measured magnetic field which is observed to scale linearly with antenna current ͑see Fig. 9 in Ref. 16͒. Figure 2 displays the peak temperature and light emission vs current close to the antenna. At small currents, both light and temperature show a square-law dependence. At large currents, the temperature rise decreases and roughly follows a power-law, kT e ϰ J ␣ , with ␣Ϸ0.8. However, this simple model is complicated by two facts. First, the collision time, ei у0.3 s, for kT e Ͼ1.5 eV, is longer than the time to reach the temperature maximum (tϷ0.3 s͒. Hence, Coulomb collisions cannot account for the observed heating to more than 10 eV. Second, for kT e у3 eV, electron-neutral collisions exceed Coulomb collisions since the cross section rises with temperature. 18 As regards the first point, the effective scattering process at high temperatures may not be Coulomb scattering but reflections from a space charge electric field which balances the pressure gradient. Evidence for its existence is shown below. For an axial potential gradient scale length of 10 cm, the bounce time of a 10 eV electron is of order 0.1 s while ei Ӎ5 s. The scaling of this process is nonlinear since the heated region expands with a temperature-dependent speed, as is shown below. The electron-neutral collision time becomes shorter than the heating time for kT e Ͼ7 eV. Since collisions with neutrals increase with temperature, one would expect to find a power-law scaling ⌬T e ϰ J ␣ with ␣Ͼ2. This is not observed. There are other possible collisionless heating mechanisms, such as adiabatic compression (kT eЌ ϰB z ϰI loop ), Landau damping, transit-time acceleration, and anomalous resistivity produced by current-driven turbulence. 19 The first process would require a mechanism to break the first adiabatic invariant, otherwise the heating during the pulse rise would be reversed during the fall of the antenna field. This could occur during field reversal in the coil (B z,max Ӎ140 G ӶB 0 ϭ15 G͒, but reversal of B 0 does not change the heating. The second process, frequently invoked when discussing the efficiency of helicon plasma sources, 20 is not relevant since the wave energy is too small to account for the observed heating. Transit-time acceleration in the localized antenna near-zone fields is not feasible since the antenna inductive electric field, E Ӎ(r/2)‫ץ‬B z /‫ץ‬tϽ10 V/cm, is not along B 0 as required for transit-time acceleration. The last process is the most likely since the azimuthal electric field can drive large currents in magnetic null regions. These currents are created by the strong magnetic loop field (B max Ӎ140 G͒ when it opposes the dc ambient magnetic field (B 0 Ӎ15 G͒. Observations of turbulent spectra will be presented in future work. Finally, the visible light emission from energetic electrons scales differently from the bulk temperature because ͑i͒ there is an energy threshold for excitation (Ϸ10 eV in Ar͒ and ͑ii͒ the excitation cross-section rises rapidly with temperature.
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B. Initial heat expansion
Langmuir probe traces have been taken at different positions and times to investigate the heat and particle transport. Figure 3 shows axial temperature profiles at three different times during and just after the 0.2 s, 250 A heating pulse. Near the antenna, the temperature rises up to the end of the current pulse, (tӍ0.3 s͒. The subsequent heat diffusion along B 0 is theoretically described by 
where the heat conductivity is temperature dependent, ʈ ϭ3.2nkT e /(m e ei ) ϰ T e 5/2 , and the density is assumed constant. 21, 22 The heat conductivity is obtained by dividing the heat flux q ʈ (z)ϭϪ 3 2 n͐ z ϱ (‫ץ‬kT e /‫ץ‬t)dz by the local temperature gradient. Experimentally, the integral at tӍ0.35 s and zϭ30 cm is found from the area between the curves kT e (z,0.4 s͒ and kT e (z,0.3 s͒ for 30ϽzϽ60 cm, while the axial derivative is given by the average slope of the curves at zϭ30 cm. The resultant heat conductivity is
and corresponds to the classical value ʈ ϭ3.2nkT e / ( ei m e ) for kT e Ӎ1.9 eV, which is, within a factor of 2, the average temperature at tӍ0.35 s and zϭ30 cm. Figure 3͑b͒ shows the radial temperature and density profiles at zϭ25 cm and tӍ1 s. Electron heating is confined to a channel defined by the near-zone fields of the antenna. The radial heat expansion ͑Fig. 1͒ is negligible to the initial axial expansion. The density, which was initially highly uniform (⌬n/nӍϮ3% for Ϫ16ϽyϽ16 cm͒, has not changed significantly due to the short time scale of the heat pulse. Density enhancements due to ionization for a Maxwellian electron distribution with kT e ϭ5 eV occur at a rate ‫ץ‬n e /‫ץ‬tϭ n 0 n e ͗ i v e ͘Ӎ 4ϫ10 15 cm Ϫ3 s Ϫ1 , where n e ͗ i v e ͘ Ӎ4ϫ10 2 s Ϫ1 is the ionization frequency in Ar, and n 0 Ӎ10 13 cm Ϫ3 is the neutral density. 18 Thus, the density increase by ionization during a 1 s time interval is ⌬n e Ӎ4ϫ10 9 cm Ϫ3 or ⌬n e /n e Ӎ2%, which is too small to be observed with Langmuir probes in the presence of strong heating. Density modifications due to space-charge electric fields are neither observed. As the temperature decreases in time, ionization effects and electric fields have a negligible effect on the density. The absence of density gradients is consistent with the lack of magnetic fields produced by crossed density and temperature gradients, ‫ץ‬B/‫ץ‬tϭ(1/ne)ٌkT e ϫٌn. Thus, to first order, electron heat transport in a uniform plasma is observed.
C. Pressure balance by electric fields
The nonuniform electron heating generates pressure gradients that need to be balanced in order to avoid an outflow of electrons. First, we investigate such processes near the heat front. The pressure gradient along the magnetic field is balanced by an electric force, neE ʈ ӍϪٌ ʈ nkT e . Direct evidence for E ʈ is shown in Fig. 4 which displays Langmuir probe traces at zϭ30 cm at two different times relative to the heat pulse ͑see insert͒. At tӍ0.25 s ͑filled triangles͒, just prior to the arrival of the heat front, both electron temperature and plasma potential are close to the unperturbed, initial values. At the heat/light maximum (tӍ0.45 s, filled circles͒, the temperature increase is accompanied by a comparable potential increase (⌬⌽ pl Ӎ⌬kT e /eӍ6.2 V͒. Thus, the hot electrons are confined by a self-consistent spacecharge field satisfying the Boltzmann relation. Although no parallel currents are produced, the heat diffuses along B 0 . The electrons are confined across the magnetic field by both magnetic and electric forces, ٌ Ќ nkT e ϭJϫB 0 ϪneE Ќ . Since the potential satisfies the Boltzmann relation, the EϫB 0 drift cancels the ٌnkT e ϫB 0 drift, hence no crossfield currents are produced. The latter also implies that the electrons must have been heated isotropically (kT e,Ќ ӍkT e,ʈ ).
The magnetic field measurements, shown in Fig. 5 , demonstrate the absence of thermal cross-field currents near the heat front. At a fixed position, the time dependence of the axial field component, B z , and light emission is displayed for two different afterglow times. For reference, the applied antenna current is also shown ͑top trace͒. The afterglow time controls the density and thereby the speed of the whistler wave. At high densities (t a ϭ50 s͒, the heat/light front ar- rives prior to the wave front. The peak electron pressure (nkT e,max Ӎ1.9ϫ10 Ϫ6 J/cm 3 at nӍ10 12 cm Ϫ3 , kT e Ӎ8 eV͒ exceeds the magnetic pressure (B 0 2 /2 0 ϭ0.9ϫ10 Ϫ6 J/cm 3 ), such that a diamagnetic signal of B z ϭϪ15 G should arise for E Ќ ϭ0 rather than the observed value B z ϭϪ0.3 G. At low densities (t a ϭ6 ms͒, the wave arrives prior to the heat front. No significant diamagnetic signal is superimposed on the symmetric wave signal. Likewise, no azimuthal magnetic field, and hence no axial current, is observed near the heat front.
D. Pressure balance by J؋B forces
The peak temperature decays while the heat front propagates along B 0 since the heat is distributed over an increasing number of electrons. As the axial temperature gradient decreases and the heated flux tube becomes long compared to the electron mean free path ͓l ei Ӎ10(kT e /1 eV) 2 cm͔, the Boltzmann equilibrium is observed to break down. The axial outflow of heated electrons produces a parallel current density , J z Ӎ Ϫ1 ٌ ʈ kT e /e. A diamagnetic current is generated without the perpendicular electric field, J ӍB 0 ϫٌ Ќ kT e /e. For a long heated flux tube, the radial magnetic and kinetic pressures balance, B 2 /2 0 ϩnkT e Ӎ const. The latter expression yields a simple relation between the measured axial diamagnetic field and the temperature increase in the flux tube, ⌬kT e Ӎ(B 0 / 0 n)B z Ӎ3.7B z ͑eV/G͒. Figure 6 displays the time dependence of the electron temperature as obtained with the Langmuir probe and the diamagnetic signal. The light emission is also included, although it is only a qualitative indicator for the presence of electrons with energy Ͼ10 eV. Probe and diamagnetic temperature measurements converge for tу3.5 s or kT e р1.5 eV. The ions remain stationary in the absence of electric fields, i.e., nϭ const. Since magnetic measurements can be performed with high sensitivity (BϽ1 mG͒, the diamagnetic temperature measurements offer an unprecedented sensitivity (⌬kT e,min Ӎ0.001 eV ϭ10°K͒, far superior to probes or radiometers. 23, 24 Measurements of extremely small heating and/or the relaxation to thermal equilibrium are possible.
E. Currents and helicity
In addition to the diamagnetic field B z ͑see Figs. 1 and 6͒, a comparatively strong azimuthal magnetic field, B (ϭϮB x in xϭ0 plane͒, is observed. Figure 7 shows both field components at tϭ2 s in the yϪz plane as well as the corresponding current densities,
where rϭϮy and ‫.0‪Ϸ‬ץ/ץ‬ The radial current density and field components required for field line closure (ٌ•Bϭٌ•Jϭ0) are one to two orders of magnitude smaller than the dominant components. Hence, they are not displayed. The axial current (I axial ϭ͐J z 2rdrӍ4.3 A at zϭ45 cm, I axial Ӎ1.9 A at zϭ5 cm͒ corresponds to an electron drift in the direction of the heat flow. Based on the drift speed, v d ϭJ/neϾ10 6 cm/s, ions cannot generate the observed currents (
The radial profiles of B and B z in the midplane (zϭ20 cm͒ are compared in Fig. 7 ͑right-hand traces͒ with Bessel function profiles B z ϭB max J 0 (r) and B ϭB max J 1 (r) which are solutions to ٌϫBϭB(r,t) in cylindrical coordinates for ‫‪ϭ‬ץ/ץ‬ ‫ץ/ץ‬zϭ0, ϭconst. The inverse radial scale length ϭ0.49 cm Ϫ1 is determined from the field reversal of B z at rϭ2.405. In the heated channel (0рrϽ2.4 Ϫ1 Ӎ5 cm͒, the observed fields match the Bessel functions, implying that the current density and self-generated magnetic fields are parallel, Jϭ(/ 0 )B, and exhibit the topology of flux ropes. 25 This result is similar to that for EMHD current pulses carried by whistlers. [11] [12] [13] However, the present cur- rents are stationary and decay slowly compared to magnetic diffusion times, since they are driven by temperature gradients rather that wave electric fields. In order to show the relation between J and B in two dimensions, Fig. 8 displays the helicity density, J•B, and magnetic energy density, B 2 /2 0 , in the yϪz plane at tϭ2 s. The helicity density of J is found to be everywhere positive, consistent with the right-handed linkage of J-lines. When B 0 is reversed ͑as shown below͒, the helicity becomes negative. This is because the diamagnetic current/field reverses sign, while that driven by parallel temperature gradients remains unchanged. The energy density of the selfgenerated field and the helicity density approximately satisfy the relation J•B/(B 2 /2 0 )ϭ2Ӎ1 cm Ϫ1 . However, the helicity density drops off faster than the energy density outside of the heated channel (͉y͉Ͼ5 cm͒. There are also weak axial variations which arise mainly from the J z , B components ͑see Fig. 7͒ . When the vector potential A is defined in the Coulomb gauge (ٌ•Aϭ0), the relation ٌϫBϭB(r,t) ϭ ٌϫA"r,t)… implies that BϭA. Likewise, the electron velocity, vϭϪJ/ne, is parallel to the vorticity, ϭٌϫv ϭ v. The energy density of the total magnetic field, B 0 ϩB(r,t), is given by B 0 2 /2 0 ϩB 0 •B(r,t)/ 0 ϩB 2 (r,t)/ 2 0 . The last term, shown in Fig. 8 , is small compared to the second term which, in the pressure balance equation, equals Ϫ⌬nkT e . Magnetic helicity does not coincide with a state of minimum magnetic energy, which would be achieved by the diamagnetic current alone.
The generation of helical currents can be analyzed with Ohm's law for the electron fluid, ‫ץ‬J ‫ץ‬t ϩ e m e JϫBϩJϭ e m e ͑ neEϩٌnkT e ͒.
The term ‫ץ‬J/‫ץ‬t is essential for the transient wave currents, but negligible for the slowly varying thermal currents. Likewise, inductive electric fields are small since the time variation of B(r,t) is slow ͑see Fig. 6͒ . Since the density is constant, there are no fields produced by ٌkT e /eϫٌn ϭ ‫ץ‬B/‫ץ‬tӍ0, as invoked in laser-plasma interactions. 26 During the initial phase of strong localized heating (tϽ3 s͒, the potentially large axial currents cannot be closed, resulting in the buildup of a space-charge electric field which balances the pressure gradient ͑see Fig. 4͒ and ٌϫJ is no longer parallel to J. Furthermore, the heated flux tube extends to the ends of the chamber at late times, and the axial current closure involves sheaths and the external circuit. In the absence of sources, the loss of electrons at one end of the flux tube requires a loss of ions at other boundaries, which, in turn, causes a spread or decay of the axial current and loss of helicity. These processes are demonstrated in Fig. 9 which displays B and B z at different times in the mid yϪz plane (xϭ0). The diamagnetic field, B z , remains confined to the heated flux tube which broadens and cools very slowly. In contrast, the azimuthal field, B ϰ J z , decays faster in time, has stronger axial gradients, and decouples from the center of the heated flux tube. At tϭ2 s (kT e Ӎ3 eV͒, the observed axial current density, J z р50 mA/cm 2 ͑Fig. 7͒, is driven by very small axial gradients (ٌ ʈ kT e /eϭJ z / ʈ р50 mA cm Ϫ2 /50 ⍀ Ϫ1 cm Ϫ1 Ӎ1 mV/ cm͒, not discernible in B z ͑contour spacing in Fig. 7 is equivalent to ⌬kT e /eӍ3.7⌬B z V/G ϭ93 mV͒. Variations in the radial heat flux along z and may create small axial temperature gradients off-axis, which can shift the axial current away from the center of the heated channel. The variation in z, ‫ץ‬B /‫ץ‬z, indicates that the axial temperature gradient increases with z and decays in time consistent with axial heat diffusion ͓see Fig. 3͑a͔͒ .
When the applied heat pulse is decreased, both the peak temperature and the length of the heated flux tube are reduced. The latter can become short compared to the plasma column such that particle and heat transport are free from boundary effects. These features are demonstrated in Fig. 10 where the small heat pulse is generated with a 20 A, 0.2 s current pulse applied to a 4 cm diam disk electrode. A different method of exciting EMHD current pulses is used to show that the late thermal current system does not depend on the method of Joule heating. Furthermore, the dc magnetic field has been reversed to demonstrate that the axial magnetic field, B z (r,t), changes sign consistent with diamagnetism. The contour spacing of ⌬B z ϭ1.25 mG corresponds to a temperature variation of ⌬kT e Ӎ0.0046 eV Ӎ50°K, demonstrating the high sensitivity of the present diagnostics. At the chosen time (tϭ3.5 s͒, the field/temperature profile no longer expands axially. In addition to the diamagnetic field, B z , Fig. 10 shows the current density, (J r ,J z ) Ӎ(Ϫ 0 Ϫ1 ‫ץ‬B /‫ץ‬z, 0 Ϫ1 r Ϫ1 ‫ץ‬rB /‫ץ‬r), as a vector field with a few characteristic J y ϪJ z lines superimposed. The presence of a current loop along the heated flux tube is clearly visible. The field-aligned current is driven by axial temperature gradients to the right of the temperature maximum (⌬kT e,max Ӎ37 meV at zӍ21 cm͒. The magnitude of the current density is consistent with Ohm's law,
for kT e Ӎ0.5 eV. Radial currents are driven by ٌ Ќ kT e /e and limited by the Pedersen conductivity Ќ Ӎ ʈ ( ei / c ) 2 , which is highly temperature dependent, Ќ / ʈ Ӎ4.8 ϫ 10
Ϫ4 (kT e /1 eV) Ϫ3 Ӎ0.004 at kT e Ӎ0.5 eV. Axial return currents can be driven by reverse axial temperature gradients created by the broadening of the radial temperature profile along z. The latter is the result of convective heat transport. The radial outflow of hot electrons at the front of the heated flux tube broadens the temperature profile, while the radial inflow of cold electrons at the left end narrows the profile. Radial heat losses at both ends of the heated flux tube leave a temperature maximum in the center.
Before further analyzing the heat transport, it is useful to show the variation of the heated flux tube with heat input, controlled by the electrode current. Figure 11 shows B z (xϭ0,y,z) for four different currents varying over one order in magnitude. At the time chosen (tϭ3.5 s͒, all transient wave phenomena have ended and the observed field is the stationary diamagnetic field of the heated electrons. At low currents (Iϭ10 A͒, a small stationary temperature peak (⌬kT e р20 meV Ӎ250°K͒, is observed near the electrode (⌬zӍ10 cm Ӎ4v e / ei ). Since the transient current pulse propagates far beyond the heated region, the heating is not produced by the wave currents but, as in the case of the loop antenna, by the higher current density near the exciter. Pres-sure equilibrium for a short flux tube implies both radial and axial JϫB forces, i.e., both magnetic pressure and bending of field lines, ٌnkT e ϭϪٌB 2 /2 0 ϩ(B•ٌ)B/ 0 . This also implies that contours of B z are not strictly isotherms which can be calculated by integrating the measured JϫB field. With increasing heat input, the length of the flux tube increases, the temperature rises, its peak shifts to increasing z, and the width of the heated channel grows. At the largest current, the driving source for the axial current, ٌ ʈ kT e Ͻ0, lies outside the measurement region (zϾ55 cm͒, which explains why in Fig. 7 the current flows opposite to ٌ ʈ kT e . In this region, the axial heat convection lowers the temperature, while the opposite holds in the source region. Here, J•ٌ(kT e /e) represents the ''power'' in the circuit which is not dissipated, J 2 /Ӷ͉J•ٌ(kT e /e)͉, but redistributes the ''energy density,'' nkT e . While the current is divergencefree, the heat flux, q v ϭϪ(kT e /e)J, analogous to Poynting's vector, is divergent. 
F. Heat transport
Electron heat transport can be studied from the measured spatial and temporal behavior of the diamagnetic field B z . Figure 12 presents contours of the axial B z , or ⌬kT e ϭ3.7B z ͑eV/G͒, in a zϪt diagram for a loop-excited heat pulse with I loop ϭ250 A ͑same as in Figs. 1-8͒ . There exists a weak axial temperature gradient of scale length L ʈ ϭB z /(‫ץ‬B z /‫ץ‬z)Ӎ400 cm, which remains unchanged as B z (t) slowly decays with an exponential time constant ϭϪB z /(‫ץ‬B z /‫ץ‬t)ϭ13.8 s. The latter is evaluated from a semi-logarithmic graph of B z at zϭ25 cm shown at the bottom of Fig. 12 . This temporal variation of the magnetic field is too slow to produce significant inductive electric fields, ٌϫEϭϪ‫ץ‬B/‫ץ‬t, or, at tϭ10 s, 
Heat losses to ions are entirely negligible, 
From the measured profile of B z (r) at zϭ25 cm, tϭ10 s, a radially averaged decay time ͗͘Ӎ11 s is found in reasonable agreement with the observed value, Ӎ13.8 s.
Since most of the heat is lost radially, the integral ͐n⌬kT e 2rdr should be nearly conserved. More precisely, the decay of the excess heat in the measurement volume gives a measure for the axial heat losses, 
The observed decay time, (10 s͒ϭϪ⌬Q/(d⌬Q/dt) Ӎ103 s, is almost an order of magnitude larger than that of the peak temperature. Thus, contrary to common assumptions, the end losses are small compared to the cross-field losses. One has to consider both the parallel thermal gradient heat flux, q T,ʈ ϭϪ ʈ ٌ ʈ kT e , and the frictional heat flux, q v,ʈ ϭ0.71nkT e v ʈ ϭϪ0.71n(kT e /e)J ʈ , in order to account for the end losses. Although both fluxes are comparable, the difference in outflows through the surfaces at zϭ5 cm and zϭ45 cm is much smaller for the gradient term than the FIG. 12 . Contours of diamagnetic field B z or isotherms ⌬kT e Ӎ3.7͉B z ͉ ͑eV/G͒ in the heated flux tube versus axial position and time. The temperature decays uniformly at a rate ϭϪB z /(‫ץ‬B z /‫ץ‬t)ӍϪ13.8 s determined by cross-field heat transport ͑see bottom trace at zϭ25 cm͒. The excess heat, ⌬Qϭ͐n⌬kT e dV decays at a rate ⌬Q Ӎ102 s determined by parallel heat transport. The latter is mainly due to axial currents rather than gradient heat flux at a scale length L ʈ ϭB z /(‫ץ‬B z /‫ץ‬t)Ӎ400 cm.
convective term. This is because the temperature is axially more uniform than the current density ͑see Fig. 7͒ . The gradient heat flux can be estimated as follows: At tϭ7 s, Fig.  12 Fig. 12 . This time scale characterizes the axial heat loss from the measurement volume but not from the entire plasma volume. The latter can be obtained from the decay of the uniform background temperature which has been found to be Ӎ500 s at kT e Ӎ1 eV.
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III. CONCLUSION
Experiments and analysis of heat pulses in the parameter regime of EMHD have been presented. The heat pulses are generated by short current pulses, which are either induced with magnetic loop antennas or drawn to biased electrodes. During the early phase, the heat rapidly diffuses along the static magnetic field. The electron pressure is balanced by electric fields. Although the particle pressure can exceed the magnetic pressure, no diamagnetic effects are observed since no electron drifts or currents are produced. No magnetic fields due to crossed temperature and density gradients are observed. In time, the equilibrium changes from electric to magnetic force balance. Not only diamagnetic currents but also field-aligned currents are observed which results in magnetic helicity. If currents are driven by electric fields, EϭϪٌ⌽, the dissipation of helicity, Ϫ2͐E•BdV, must be balanced by a dc injection of helicity, Ϫ2͛⌽B•dS. This statement is tantamount to energy conservation since, with ٌϫBϭBϭ 0 J, the dissipated power, ͐E•JdV, must be supplied externally, e.g., a voltage Vϭ⌬⌽ driving the current I, Ϫ2͛⌽B•dS ϰ VI. By analogy, when the current system is driven by pressure gradients, the dc helicity injection, which is consistent with the energy transport. The measurement of diamagnetic fields in a long heated flux tube provides a very sensitive diagnostic tool for the electron temperature. From space and time resolved temperature data the heat flow has been analyzed. Cross-field transport dominates over parallel heat flow in a long heated flux tube. Electron currents play an important role in convecting heat both along and across B 0 . For low level heat pulses, the heat spreads across B 0 faster than along B 0 resulting in stationary heated flux tubes shorter than the plasma device. Classical transport theory yields good agreement between the observed and theoretical temperature decay times. The parallel heat transport at early times (tϽ1 s͒ appears to be inhibited by microturbulence since the electron drift in the wave currents well exceeds the ion sound speed.
The total energy deposited in the heated flux tube, ⌬Qϭ͐n⌬kT e dVӍ230 J for 0ϽzϽ140 cm, tӍ2 s, well exceeds the electromagnetic energy of the whistler wave pulse,
at tϭ2 s, zϭ5 cm. The lack of significant wave heating implies that the heating occurs in the intense near-zone fields of the exciter, a result of possible interest to helicon plasma sources where Landau damping is sometimes invoked as the energization mechanism. 20 In the present experiment, the density is uniform and constant since the duration of strong electric fields (⌬tӍ1 s, EӍ1 V/cm͒ and ionization processes is too short to modify the ion density. This feature has provided ideal conditions to study electron heat transport without particle transport and, for low heat pulses, without boundary effects. These results could be relevant to impulsive heating in space plasmas, e.g., the solar photosphere, where the plasma parameters are similar to those in this experiment.
